Introduction
Vertical bone augmentation remains a considerable problem. Although several reconstruction procedures have been proposed, autogenous bone grafting is still regarded as the gold standard. 1 However, resorption of bone grafts after vertical bone augmentation is the main concern for clinicians. 2, 3 Using the body's own ability to induce bone formation is a recent regeneration trend that depends on harnessing the intrinsic regenerative potential of endogenous tissues, avoiding ex vivo culture of autologous cells and the requirement for synthesized scaffolds. This approach suggests an alternative to traditional tissue engineering modalities for bone augmentation. 4 In a series of publications, Zakaria et al. 1, 5, 6 reported that bone augmentation was achieved using a periosteal distractor through creation of a sizeable secluded supraosteal regenerative space. Kammerer et al. 7 and Schiegnitz et al. 8 also demonstrated that vertical bone formation was successfully guided by calcium-phosphatecoated or "sandblasted, large-grit, acid-etched (SLA)" surface implants in a subperiosteal rabbit model without assistance of any growth factors or bone substitutes. Additionally, spontaneous bone formation after creation of a secluded space between the bone surface and sinus membrane has been demonstrated in numerous animal and clinical studies, which suggests that displacing the maxillary sinus lining results in new bone (NB) formation around the protruded part of the implant. [9] [10] [11] [12] The dura mater is the tissue that exists between the calvarial bone and brain and functions primarily as a protective covering of the brain. It is composed of two layers, the endosteal and meningeal. 13 Populated by nerves and blood vessels, the outer endosteal layer serves as the periosteum and is thought to be a source of osteoprogenitors in the calvaria that contribute to bone healing initiation, 3, [14] [15] [16] [17] [18] while the inner meningeal layer forms the cerebral falx, sellar diaphragm, and tentorium. 13, 19, 20 Previous studies have demonstrated that the dura mater retains the capacity to form bone or bone nodules in calvarial defects. 3, 21 In animal studies in which the dura mater was resected together with the overlying calvarial bone, or excluded by a polytetrafluoroethylene membrane, the defect was replaced by fibrous tissue with no bone island formation or significantly less bone formation. 3, 22 In an in vitro study, the dura mater has been found to express significantly greater amounts of bone morphogenetic protein (BMP)-2, BMP-4, and BMP-7 to facilitate bone regeneration. 23 Importantly, maintenance of dural integrity is also essential for complete bone regeneration. [24] [25] [26] Hydroxyapatite (HA) is a promising biomaterial with potential bioactivity and osteoinductivity properties. 8 Currently, HA is used mainly as a coating for dental implants to improve surface characteristics, thus converting titanium surfaces into bioactive ones with high bone-bonding properties. 8, 27 A number of methods have been developed to deposit HA coating, with plasma spraying being the most common technique, which resulted in a thick coated layer (50 µm in average) onto the titanium surface. 28 However, disadvantages of this technique include nonuniformity of the coating density, micro-cracks on the coating surface, and poor resistance to delamination. 29, 30 More recently, the coating technique has been greatly improved and sputtered HA coating is a novel coating technique that can produce an ultra-thin layer of HA coating (1-µm thickness) onto the substrates with strong adhesion, a compact microstructure, and preservation of the surface roughness of the underlying substrate. [31] [32] [33] [34] In an in vivo study, osseointegration was rapidly enhanced using the sputtered HA-coated implants compared with non-coated (NC) implants. 35 Similarly, an in vitro study reported that osteoblastic differentiation was significantly enhanced on sputtered HA-coated samples compared with NC samples. 33 In this study, to evaluate the osteogenic capacity of the dura mater, HA-coated and NC implants were used to elevate the dura mater. It was hypothesized that the vertical bone induced around the implants after dura mater elevation, and the amount of bone formation, could be significantly enhanced around sputtered HA-coated implants. In addition, the suitability of this rabbit calvaria model in testing implant surface characteristics was also evaluated.
Materials and methods

Sample preparation
Forty commercially pure titanium Osteosynthesis Screws (Yamahachi Dental Manufacturing Company, Tokyo, Japan) with a length of 6.0 mm and a diameter of 2.0 mm were used in this study as a model of mini dental implants. Sputtered HA coating was carried out according to the description in previous studies. 36, 37 In brief, all implants were subjected to sandblasting by apatite grids in the range of 180-1180 µm, followed by acid-etching treatment in hydrochloric acid solution (6 N) for 5 min at room temperature. 33 Then, radio frequency magnetron sputtering was performed on 20 implants using an SPF-410H chamber (Anelva Corp., Tokyo, Japan.) to produce an HA coating with an average thickness of 1.1 µm. Subsequently, hydrothermal treatment was carried out at a temperature of 110°C in an electrolyte solution containing calcium and phosphate ions for 24 h. 36 Finally, two titanium surface treatments were produced for this experiment: (a) 20 implants with sandblasted, acid-etched surfaces serving as a control group (NC group) and (b) 20 implants with a 1-µm-thick HA coating on the surfaces as a test group (HA-coated, HA group).
Animal care and surgical procedures
The experimental protocol was approved by the Committee of Animal Experiments at Tokyo Medical and Dental University, Tokyo, Japan. Ten, 6-week-old Japanese male rabbits (Saitama Experimental Animals Supply, Kyoto, Japan) weighing from 2.5 to 3 kg were included in the study.
An intramuscular injection of ketamine (50 mg/kg Ketalar; Ankyo, Tokyo, Japan) and thiopental sodium (25 mg/kg Rabonal; Tanabe, Tokyo, Japan) was used to anesthetize all animals preoperatively. Additionally, local anesthetic (2% xylocaine/epinephrine 1:80,000; 1.8 mL; Dentsply Sankin, Tokyo, Japan) was injected around the surgical areas before the start of surgery.
All surgical procedures were carried out under aseptic conditions. The surgical areas were shaved and scrubbed with a tincture of 1% iodine solution. For each animal, midline skin and subperiosteal incisions were performed over the calvarial bone from the orbits to the external occipital protuberance. The skin and periosteal flap were meticulously raised up and bilaterally retracted to expose the bone surface. Two groups were established and designed as follows: (1) HA-coated implant and (2) NC implant for each calvarium. Under constant saline irrigation, two perforations, 1.8 mm in diameter and approximately 1.0 mm in depth, were drilled with a round bur in one side by the midline with a custom perforation template and repeated symmetrically for the other side. All perforations were then expanded 2.0 mm before implant placement. The two types of implants were randomly placed in their positions in the calvaria of all animals as shown in Figure 1 (a). Following this, the periosteum was closed over the implants and the skin flap was sutured with 4-0 sutures (Ethicon, Somerville, NJ, USA). Finally, all implants were placed 3 mm extending from the inferior surface of calvarial bone displacing the dura meter downward as shown in Figure 1 (b).
Physico-chemical characterization of implants
The morphologies of the two implant surfaces were observed using scanning electron microscopy (SEM) (JSM-5310LV; JEOL, Tokyo, Japan) at 15 kV. The X-ray diffraction (XRD) pattern was identified by RINT1400 (Rigaku Corp., Tokyo, Japan) using a CuKα radiation source operating at 50 kV and 100 mA excitation current. Implant surface roughness was calculated by a surface measurement tester (Surfcom 130A; Accretech Tokyo, Japan). Elemental analysis of the two implant surfaces was carried out by energy-dispersive X-ray spectroscopy (EDS) (EMAX-7000; Horiba Ltd, Kyoto, Japan) with a voltage of 15 kV for 100 s in a vacuum condition without conductive coating. The HA coating Ca/P molar ratio was further analyzed by EDS with carbon coating. All data were calibrated by PRZ Standard-less Quantitative Correction of the EMAX-7000 program (Horiba Ltd)
Ca/P molar ratio from original and newly formed bone by EDS
Injection of an excessive amount of ketamine (Ketalar; Ankyo) was used as the method to sacrifice the animals at 4 and 8 weeks after surgery. Following this, specimens were dissected out from the surgical area and immediately fixed in 10% neutralized formalin (Wako Chemical Co. Ltd, Tokyo, Japan) for 2 weeks. Subsequently, a high-resolution micro-computed tomography (CT) imaging system (SMX-90 CT; Shimadzu, Kyoto, Japan) was used to scan all specimens with a tube voltage of 90 kV and tube current of 110 µA. Then, all the scanned images were analyzed using three-dimensional image analysis software (TRI/3D-BON; Ratoc System Engineering, Kyoto, Japan).
The calcium (Ca) to phosphate (P) concentration was determined for all specimens by EDS including sections of original bone (OB) and the newly formed bone (15 kV accelerating voltage for 100 original bone s in the vacuum condition with carbon coating). At each region, three equally distributed points were chosen, and then the mean values were calculated, respectively. All the data were calibrated by the PRZ Standard-less Quantitative Correction of the EMAX-7000 program (Horiba Ltd).
Histomorphometric analysis
Histological processing is described in detail in a previous study. 37 Briefly, all specimens were immersed in 10% formalin neutral buffer solution (Wako Chemical Co. Ltd) for 2 weeks. After complete fixation, all samples were rinsed for 3 h with tap water and then dehydrated in ascending grades of ethanol and afterward embedded in polyester resin (Technovit 7100; Heraeus Kulzer, Hanau, Germany). The implants were kept in place and each block was cut in a sagittal plane passing through the center of each implant using a commercial water-cooled saw (Exakt, Mesmer, Ost Einbeck, Germany). For each implant site, all were cut along the same cutting line and thinned out to a thickness of approximately 100 µm. The sections were finally stained with 0.1% toluidine blue. Histologic observation was carried out under a light microscope using a Leica DM8000 M microscope (Leica Microsystems, Heidelberg, Germany). The digitalized images were evaluated histomorphometrically using Image J software (Version 1.47v; NIH, Bethesda, MD, USA) to calculate the newly formed bone area and bone height.
Vertical bone height. Measurements (mm) were performed from the top of the newly formed vertical bone to the surface of the OB using Image J software (Version 1.47v; NIH) (Figure 1(b) ). Vertical bone height (VBH) was defined as the newly formed bone height below the OB. All the mean ± standard deviation (SD) values were calculated for each sample.
Vertical bone area. Measurements (mm 2 ) were performed within a 3 × 3 mm 2 region of interest at the lateral side of each implant below the OB surface using Image J software (Version 1.47v; NIH) (Figure 1(b) ). Vertical bone area (VBA) was defined as the newly formed bone area below the OB within the region of interest (Figure 1 ). All the mean ± SD values were calculated for each sample.
Vertical NB-implant contact observation. Osseointegration at the interface between newly formed vertical bone and the implant surface of all samples was determined by histological evaluation as well as SEM observation (JSM-5310LV; JEOL) at 15 kV.
Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics version 19.0 for Windows (IBM, Armonk, NY, USA). For all parameters, the mean and SD values were examined. Due to the low sample size in this study, descriptive p-values were only reported for all groups. The level of significance was set at p < 0.05.
Results
Experimental animals
All animals showed normal behavior in their cages after cessation of the general anesthesia effect. No animals died and no infections were detected during the entire period of the experiment. For all implant sites, the surgical areas did not exhibit any signs of inflammation and implants remained rigidly fixed to the calvaria during the experiment. All implants were completely covered by the skin at the time of killing. Noticeably, all animals gained an average weight of 0.22 kg during the observation intervals.
Physico-chemical characterization of HA coating
Implant surface morphology was observed by SEM. At low magnification (100×), HA-coated and NC surfaces showed similar microscale roughness (Figure 2(a) and (c)). At high magnification (3500×), crystalized HA particles were observed with a homogeneous distribution and compact form on the surface of the HA-coated implant, whereas a network of pits was detected on the surface of the NC implant (Figure 2(b) and (d) ). The dotted and solid lines shown in the XRD pattern (Figure 3(a) ) indicate the peaks of Ti and crystalized HA, respectively. EDS analysis confirmed that both implants were primarily composed of titanium and the presence of calcium and phosphate ions was only observed in the HA-coated implants (Figure 3(b) and (c)). The roughness (Ra) values of the NC and HA-coated implants were 1.25 ± 0.26 and 1.13 ± 0.39 µm, respectively ( Table 1 ). The Ca/P molar ratio was measured for the HA-coated samples to ensure that the coating was as biologically similar as possible, whereby a Ca/P molar ratio of 1.70 ± 0.13 was achieved (Table 1) in line with a previous study. 36 
Observation of bone formation
Histological and micro-CT observation demonstrated that the space, which was raised up below the OB by the two implants, was almost completely occupied by newly formed bone that crept into the implant serrations, starting from the OB down to the end of the implant (Figure 4) . This is an indication that significant bone formation was acquired below the OB after elevation of the dura mater. In addition, connective tissue was rarely detected in this region and histological images were almost similar at the two time points (4 and 8 weeks). Interestingly, a considerable amount of NB formation was also observed at the interproximal space in between the two implants below the OB connecting the two implants together with structural and functional contact (Figure 4) .
Looking closer, profound bone formation was observed around the implant within the space created below the OB in both groups ( Figure 5 ). NB trabeculae were observed to creep onto the serration of the implants in an inclined pattern originating from the OB surface and covered by the layer of dura mater ( Figure 5 ). NB was distinguished from OB by its comparatively thin trabeculae and darker staining ( Figure 5) .
The Ca/P molar ratio data for the newly formed vertical bone and OB are presented in Table 2 . The Ca/P ratio range was from 1.73 ± 0.17 to 1.94 ± 0.06 and significant differences were not observed between groups.
Quantitative evaluation of bone formation
VBH below the OB. The height of newly formed vertical bone (VBH) below the OB was measured for both groups. At 4 weeks, the VBH had a mean of 1.57 ± 0.06 mm for the HA group and a mean of 1.01 ± 0.05 mm for the NC group. At 8 weeks, the mean value was 1.58 ± 0.30 mm for the HA group and 0.9 ± 0.17 mm for the NC group. VBH of the HA group was significantly higher when compared with the NC group at 4 and 8 weeks (p < 0.05) (Figure 6(a) ).
VBA below the OB. In all groups, the space created below the OB was filled with cascade-like NB. VBA was measured for all samples in both groups. At 4 weeks, the mean VBA was 2.53 ± 0.26 and 1.65 ± 0.19 mm 2 for the HA and NC groups, respectively. At 8 weeks, the mean VBA was 2.21 ± 0.34 and 1.18 ± 0.21 mm 2 for the HA and NC groups, respectively. The VBA of the HA group was significantly larger when compared with the NC group at both 4 and 8 weeks (p < 0.05) (Figure 6(b) ).
Vertical NB-implant contact
The bone-implant contact between the newly formed vertical bone and implant surface was evaluated histologically and by SEM. Remnant HA coating was observed by SEM on the HA-coated implants after 4 and 8 weeks. As shown in Figure 7 , cascade-like newly formed bone was observed along the contour of the implant surface and bony ingrowth into the serrations was clearly detected in both implant surfaces. An intimate contact between the coating and the NB interface presented on the HA-coated implants exhibited tight osseointegration and strong chemical bonding. However, a noticeable micro-gap region between the implant surface and NB was frequently observed in the NC group (Figure 7) .
Discussion
More recently, the positive function of the dura mater in the regeneration of calvarial defects has gained considerable attention. 3, 18, 22 Furthermore, it has been confirmed that the dura mater is more osteogenic than the periosteum in both infant and adult animals. 3 However, to our knowledge, data Table 1 . Surface roughness and Ca/P molar ratio (n = 16).
Sample
Ra ( regarding the potential capacity to induce vertical bone formation after elevation of the dura mater have not been reported previously. In this study, newly formed bone below the calvarium was achieved through dura mater elevation by implants after 4 and 8 weeks in a calvarial rabbit model. Evaluation of the quantity and quality of the NB formation around the two implant surfaces was also assessed in this experiment. We elucidated that spontaneous vertical bone formation could be induced after elevation of the dura mater and the sputtered HA coating significantly enhanced bone formation in a rabbit calvarial model. In the region below the calvaria where the dura mater was purposely elevated by the two implants, cascade-like NB formation was clearly observed around each implant as well as in the space in between the implants. Furthermore, this NB formation was consistent at 4 and 8 weeks. More noticeably, the ability to promote vertical bone formation without the assistance of any scaffold materials was regularly observed in this study. As shown by the results, the space elevated by the implants was almost completely occupied by newly formed bone that had crept into the implant serrations, starting from the OB down to the end of the implants. This might suggest that the newly formed bone was likely due to the osteoinductive potential from the basal bone surface. This finding is in accordance with the descriptions made in previous studies demonstrating spontaneous NB formation after sinus membrane elevation or periosteal distraction in animals. 1, 2, 5, 6, 9, 11 Furthermore, connective tissue was rarely observed in this region which might indicate that this calvaria model is more favorable in testing implant surface characteristics compared with the region above the calvaria bone where connective tissue was frequently infiltrated. 37 In addition, the topography of the implants may be of crucial importance for vertical bone formation. Numerous previous studies have reported that topography of the substrata could influence the proliferation and differentiation of osteogenic cells. [38] [39] [40] In this study, serrated implants were placed 3 mm under the calvarial bone, so could be regarded as the "bioreactors" that facilitate osteogenic function and further induce vertical bone formation on to the HA-coated and NC implants. Furthermore, significant vertical bone formation on the HA-coated implant group was observed at both 4 and 8 weeks and VBH around the implants reached up to 1.57 ± 0.06 and 1.58 ± 0.30 mm, respectively. No significant change in bone height at these two time points likely demonstrates that the NB formation induced by the HA-coated implant after dura mater elevation was relatively stable, in contrast to previous studies. 7, 37, 41, 42 Furthermore, this occurs despite the NB formation in this study not being exposed to any form of mechanical stimulation. In previous studies, the range of VBH achieved has been between 0.5 and 1.87 mm with use of additional biomaterials or scaffolds. 7, 42, 43 The fact that comparable vertical bone formation could be obtained using HA-coated implants after elevation of the dura mater without the need for additional compounds or materials is of particular interest. The HA-coated implant may have osteoinductive capacity by supplying localized calcium and phosphate ions after placement of the implant for the deposition of vertical bone formation. Furthermore, the dura mater, which was displaced downward by the implants, might potentially maintain the ions within the space.
Scanning electron micrographs showed that in the region of NB formation in the HA groups, dense bone was observed between the material and NB interface and solid integration was formed without the presence of microgaps. However, the NC implant presented with microgaps and the distinction between the two implant surfaces was clearly observed. This finding is in consensus with a previous study. 37 The bioactive surface chemistry of the HA coating might play an important role in forming the tight bonding between the coated implants and the newly formed bone. Calcium and phosphate ions released from the HA coating could in effect raise the concentration and deposit biological apatite onto the surface of the implant, which could in turn enhance osteogenic attachment and growth. [43] [44] [45] Additionally, the sputtered HA coating used in this study was at ultra-thin thickness. This ultra-thin coating could further enlarge the area and preserve the roughness of the underlying implant surface, which might be more favorable for osteoblastic differentiation and function. 33, 46, 47 Importantly, the osteogenic potency of the dura mater in immature animals has been shown to be enhanced compared with that of mature animals. 3, 21, 22 In this study, all animals were immature, and therefore further studies should also be carried out on mature animals. Additionally, in some samples the dura mater was perforated by the implant, which might have affected the results. Consequently, modifications to the tip of the implant should be considered to avoid this problem reoccurring.
Although the model used in this study is unlikely to be directly applied clinically, this is a positive step toward clinical application of this technique following the progression of further research modifications.
Conclusion
This study indicated that vertical bone formation could be induced by dura mater elevation. Furthermore, the resulting bone formation could be significantly enhanced in the presence of HA coating.
